Abstract. Tropospheric NOx (NO+NO 2 ) is hazardous to human health and can lead to tropospheric ozone formation, eutrophication of ecosystems and acid rain production. It is therefore important to establish accurate data based on models and observations to understand and monitor tropospheric NO 2 concentrations on a regional and global scale.
particular, simulated morning rush hour peaks are not confirmed by MAX-DOAS retrievals and models fail to reproduce observed changes in diurnal cycles for weekdays versus weekend. A large number of evaluation points arise from the comparison to MAX-DOAS measurements which should be used in future regional air quality modelling studies to track down reasons of disagreement.
Introduction

5
Nitrogen dioxide (NO 2 ) is a key species for atmospheric chemistry. Photolysis of NO 2 leads to formation of tropospheric ozone. The latter is a major greenhouse gas and the main precursor of OH, which itself determines the oxidising capacity of the atmosphere. Oxidation to HNO 3 via reaction with OH (daytime) or ozone (nighttime) is the major sink of NO 2 in the troposphere (Jacob, 1999) and results in acid rain and eutrophication of ecosystems, which are both harmful for the environment.
Moreover, NO 2 can cause irritation of respiratory organs (http://www3.epa.gov/).
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Within the troposphere, conversion of NO to NO 2 only takes about a minute during daytime. The sum of NO and NO 2 is called NOx, which is mainly emitted in the form of NO to the atmosphere. Main sources of NOx are fossil fuel combustion and biomass burning. Some NOx is also produced from lightning and microbial activity in soils.
The lifetime of NOx is only a few hours in the boundary layer but a few days in the upper troposphere, where less OH radicals are present (Ehhalt et al., 1992) to react with NO 2 and more NOx is present as NO which has fewer permanent sinks 15 than NO 2 . Several studies (e.g. Stohl et al., 2003; Zien et al., 2014) have shown that in the free troposphere, NO 2 can be transported over larger distances and is hence not only important for regional but also for global air quality. Peroxyacyl nitrate (PAN) produced by photochemical oxidation of carbonyl compounds is not much affected by wet scavenging and can act as a reservoir of NO 2 , especially during long-range transport. If the air masses descend away from their source regions, PAN will decompose to NOx under the influence of, on average, higher temperatures at lower altitudes (Jacob, 1999) .
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Given the influence of NOx on air quality and climate through effects on radiation, it is of high environmental and scientific interest to accurately observe and simulate spatial distribution and time evolution of NO 2 concentrations in the troposphere.
Simulating NO 2 is a challenge for numerical models as it is chemically very active and depends on many factors including for example cloud cover which affects photolysis of this trace gas. Moreover, representation of NOx emissions adds a large uncertainty to the model output.
25
MAX-DOAS (Multi Axis Differential Optical Absorption Spectroscopy; e.g. Hönninger et al., 2004; Wittrock et al., 2004) measurements have been used to investigate air pollution in many studies, including the FORMAT campaign in Northern Italy (Heckel et al., 2005; Wagner et al., 2011) , the CINDI campaign in the Netherlands (Piters et al., 2012) , campaigns in Canada (Halla et al., 2011; Mendolia et al., 2013) , China (e.g. Irie et al., 2011; Hendrick et al., 2014; Ma et al., 2013; , during ship-borne measurements (Leser et al., 2003; Takashima et al., 2012; Peters et al., 2012) .
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MAX-DOAS observations of atmospheric composition are performed by taking measurements of the scattered sunlight at different elevation and sometimes also azimuthal angles. Depending on the viewing angle and solar position, the light path through the atmosphere is different, with the observation in the zenith direction usually providing the shortest light path through the lower troposphere. Therefore, using observations in low elevation angles as measurement intensity and zenith measurements as reference intensity, the total amount of molecules of a certain species along the light path difference (zenith subtracted from non-zenith measurement), so called differential slant column densities, can be determined using Lambert Beer's law. These can be inverted to tropospheric columns and lower altitude tropospheric profiles by radiative transfer modelling and optimal estimation techniques.
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A large number of studies applied MAX-DOAS data for satellite validation (e.g. Celarier et al., 2008; Valks et al., 2011; Irie et al., 2008; Irie et al., 2012; Ma et al., 2013; Lin et al., 2014; Kanaya et al., 2014; Pinardi et al., 2014) but up to now, comparisons to regional air quality model simulations of tropospheric NO 2 have, to our knowledge, only been carried out by Vlemmix et al. (2015) and Shaiganfar et al. (2015) . Several studies compared regional air quality model simulations to satellite data (e.g. Huijnen et al., 2010) , although satellite data are usually only available at much coarser time steps compared 10 to regional model data. In this respect, the advantage of MAX-DOAS retrievals compared to satellite retrievals is the high resolution in time. Moreover, several studies compared in-situ NO 2 data to regional model results (e.g. Vautard et al., 2009; Colette et al., 2011; Mues et al., 2014) , although in-situ data usually refer to a specific location (point measurements), whereas regional model results are available for a specific horizontal grid resolution and area depending on the model set up. As MAX-DOAS data represents a larger volume of air, it is much better suited for investigating performance of regional models than 15 in-situ data. According to Richter et al. (2013) the horizontal averaging volume of MAX-DOAS data depends on aerosol loading, wavelength and viewing direction and ranges from a few kilometres in the polluted boundary layer up to 80 km from the top of a mountain under clean air conditions. Another advantage of MAX-DOAS measurements is their ability to observe several pollution related species at the same time (e.g. NO 2 , HCHO, CHOCHO, SO 2 , aerosols, potentially also O 3 ) and to provide NO 2 data which is virtually free of interferences from other species or nitrogen compounds such as NOy (NOx and 20 other oxidised nitrogen species). In contrast to NO 2 , NOx cannot be retrieved from MAX-DOAS measurements directly, so that these measurements are of more interest for air quality than for atmospheric chemistry studies. Vertical profiles of trace gases can be retrieved from MAX-DOAS measurements, which is another advantage for model comparison studies.
In the present study, MAX-DOAS measurements are compared to regional air quality model simulations to investigate model performance. Parts of this approach are already applied within scientific reports of the operational Copernicus Atmo- 25 sphere Monitoring Service (CAMS, http://atmosphere.copernicus.eu/), see e.g. Blechschmidt et al. (2015) and Eskes et al. (2018) , but mainly to model results provided on 8 output levels only, which introduces uncertainty to comparison results.
CAMS is the operational follow-up of the former GEMS (Global and regional Earth-system Monitoring using Satellite and in-situ data) (Hollingsworth et al., 2008) and three succeeding MACC (Monitoring Atmospheric Composition and Climate, http://www.gmes-atmosphere.eu/) projects. The global component of CAMS extends weather services of the ECMWF (Eu-
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ropean Centre for Medium-Range Weather Forecasts) with simulations of atmospheric trace gases and aerosols, while operational air quality forecasts and analyses for Europe are provided at much higher resolution through the regional component.
Hourly NO 2 vertical column densities (VCDs) from 6 different regional model runs based on 5 models which are used within CAMS will be compared to MAX-DOAS measurements from three urban and one rural European station: Bremen (operated by IUP-Bremen), De Bilt (operated by KNMI), Uccle and OHP (Observatoire de Haute-Provence) (the latter two operated by 35 
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BIRA-IASB). Location of the stations are plotted on top of mean NO 2 tropospheric columns from OMI (Levelt et al., 2006) satellite observations for February 2011 as well as on a map of anthropogenic NOx emissions used by the models in Figure 1 as an indicator of pollution levels in these and surrounding regions. The spatial distribution of NOx emissions agrees well with pollution hotpots and cleaner areas identified by OMI.
Due to the large number of model evaluation points arising from the MAX-DOAS based comparisons, the reasons for 5 differences between model results and observations found by the comparisons are discussed here in a general sense and need to be further investigated e.g. by carrying out additional dedicated model runs in future modelling studies.
The manuscript starts with an overview of regional model and MAX-DOAS data (Section 2) followed by a description of the comparison method (Section 3). Results are described and discussed in Section 4. Finally, a summary and conclusions are given in Section 5.
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2 Data basis 2.1 Regional air quality model simulations CHIMERE , LOTOS-EUROS (LOng Term Ozone Simulation -EURopean Operational Smog) (Schaap et al., 2008) , EMEP MSC-W (European Monitoring and Evaluation Programme Meteorological Synthesizing Centre -West) , MOCAGE (Model Of atmospheric Chemistry At larGE scale) (Josse et al., 2004; Guth et al., 2016 ) and 15 SILAM (System for Integrated modeLling of Atmospheric coMposition) (Sofiev et al., 2006; Sofiev et al., 2015) contributed to the European regional ensemble forecasts (Marécal et al., 2015) and reanalyses of the former MACC projects and are currently used within CAMS. These models have been used in many studies for investigating atmospheric composition on a regional scale (e.g. Drobinski et al., 2007; Huijnen et al., 2010; Lacressonnière et al., 2014; Petetin et al., 2015; Solazzo et al., 2012; Watson et al., 2016; Zyryanov et al., 2012) .
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All of these models use ECMWF-IFS and MACC reanalysis (Innes et al., 2013) data as meteorological and chemical input data and boundary conditions, respectively. Anthropogenic emissions are taken from the MACC emissions database , GFAS (Kaiser et al., 2012 ) is used to account for fire emissions. The input to these models is thus consistent and hence, differences in model results are due to differences in the modelling code, model set up or due to different scalings of emissions e.g. to account for seasonal, diurnal and weekly cycles as well as emission heights. The model runs investigated 25 in the present study were performed by different European institutions and are based on different horizontal and vertical grid spacings and chemistry schemes (see Table 1 for further details). Apart from SILAM, the models were run without chemical data assimilation. The SILAM simulations included assimilation of surface observations of NO 2 as described in Vira and Sofiev (2015) .
Two different sets of EMEP model runs are investigated in this study. The first one uses the same setup as the other regional 30 models described above and is termed EMEP-MACCEVA in the following. EVA (validated assessments for air quality in Europe) was a subproject of MACC dedicated to the development and implementation of operational yearly production of European air quality assessment reports (https://www.gmes-atmosphere.eu). The second set of simulations (called EMEP in the following) uses the same set-up as in the EMEP status reports (see http://www.emep.int) for each year based on the EMEP subdomain, ECMWF-IFS as meteorological driver, EMEP emissions, Fire INventory from NCAR version 1.0 (FINNv1; Wiedinmyer et al., 2011) , initial conditions described by Schulz et al. (2013) for the years -2011 and Fagerli et al. (2014 for 2012 and climatological boundary conditions described by Simpson et al. (2012) .
According to Mues et al. (2014) , chemistry transport models in general account for seasonal, daily and diurnal emission 5 changes by applying average time profiles given for different energy sectors and regions to totals of annual emissions across the model domain. Temporal emission patterns used by the regional air quality models listed above are country and SNAP (Selected Nomenclature for Sources of Air Pollution) sector dependent and are based on Denier van der . A list of the SNAP sectors is given by Bieser et al. (2011) . Moreover, different vertical emission profiles are applied for each regional model. These are described in more detail by Bieser et al. (2011) for EMEP and CHIMERE, Simpson et al. (2003) for 10 SILAM and Thunis et al. (2010) for LOTOS-EUROS. For MOCAGE, emissions are injected into the five lowest model levels using a hyperbolic decay.
More details on specific model setups and scores with respect to surface observations, can be found in Marécal et al. (2015) and in the model specification/validation dossiers which are available online at:
http://www.gmes-atmosphere.eu/about/documentation/regional/. 
MAX-DOAS retrievals
This study makes use of MAX-DOAS measurements from four European stations: Bremen (Germany), De Bilt (the Netherlands), Uccle (Belgium), and OHP (France). Characteristics of the data available from the stations, such as exact location and time period of retrievals investigated here, are briefly summarized in Table 2 and will be described below.
For Bremen, Uccle and OHP, NO 2 slant column densities (SCDs) are obtained by a DOAS analysis for a specific wavelength 20 window using a series of low elevation angles as measurement intensity and zenith measurements as reference intensity. Cross sections of different trace gases are accounted for in the retrieval. Resulting SCDs of NO 2 and O 4 are then used as input for a radiative transfer model which is a two-step approach. First, an aerosol extinction profile is retrieved by comparing the measured O 4 SCDs to O 4 SCDs simulated by the radiative transfer models SCIATRAN (Rozanov et al., 2005) for Bremen and bePRO (Clémer et al., 2010) for Uccle and OHP. In the second step, the derived aerosol extinction, measured NO 2 SCDs and an 25 a-priori NO 2 profile are used to retrieve the NO 2 profile of interest. This is an inverse problem solved by means of the optimal estimation method (Rodgers , 2000) . The Maxdoas Retrieval algorithm of KNMI (MARK) uses a least squares minimization of the differences between measured and modeled differential slant column densities, by interpolation of look-up tables. The look-up tables are calculated with the radiative transfer model DAK (Doubling Adding KNMI; De Haan et al., 1987; Stammes , 2001) . With this method, a maximum of four parameters are retrieved, which together determine the profile shape: tropospheric 30 vertical column, boundary layer height, gradient in the boundary layer, fraction of NO 2 in the free troposphere.
De Bilt (52.10°N, 5.18°E; see Figure 1 ) is the home town of KNMI, and located just outside the city of Utrecht. The De Bilt experimental research site is surrounded by local and regional roads, with a lot of traffic which can affect regional air quality significantly. According to Vlemmix et al. (2015) , it can also be affected by pollution sources which are located more far away in the Rotterdam region to the south-west, Amsterdam to the north-west and the German Ruhr region to the south-east of De Bilt. The MAX-DOAS instrument operated at De Bilt is a commercial system obtained from Hoffmann Messtechnik. It has an Ocean Optics spectrograph, diffraction grating and a CCD detector. It operates at a wavelength range of 400-600 nm.
The pointing direction of the instrument is 80°(east to north-east), the wavelength window of the DOAS fit for NO 2 is 425-490nm. Wavelength calibration and slit-function width are determined using a high-resolution solar spectrum. Cross sections the city centre. NO 2 SCDs are retrieved in a 407-432 wavelength interval including the same spectral signatures as for OHP. It should be noted that a sequential zenith reference spectrum has been implemented in order to minimise the impact of changes in shift and resolution due to temperature instabilities. The DOAS fit for NO 2 has also been improved by introducing pseudoabsorber cross-sections derived from principal component analysis of residuals on days affected by large thermal instabilities.
This approach allows for a better correction of fast-changing slit-function variations, resulting in more stable residuals and 5 therefore more realistic random uncertainty estimates. For NO 2 vertical profile retrievals at both stations, the bePRO radiative transfer code (Clémer et al., 2010 ) is used. NO 2 profiles are retrieved at 420 nm for Uccle and 372 nm for OHP. For NO 2 vertical profile retrievals, exponentially decreasing a-priori profiles have been constructed, based on an estimation of NO 2 vertical column densities derived from the so-called geometrical approximation (Hönninger et al., 2004; Brinksma et al., 2008) and using scaling heights of 0.5 and 1 km for OHP and Uccle, respectively. A-priori and measurement-uncertainty covariance 10 matrices are constructed as by Clémer et al. (2010) with adopted correlation lengths of 0.05, and covariance scaling values of 0.5 and 0.35 for Uccle and OHP, respectively. For this study, only retrievals with a residual of the optimal estimation method retrieval fit to the DSCDs smaller than 50 % and degrees of freedom for signal larger than 1 are used. A more detailed description of the model and trace gas profile retrievals can be found in Hendrick et al. (2014) . Although there has not been formal side-by-side operation of both instruments for verification purpose, a good overall agreement has been obtained between 15 the mini-DOAS and other BIRA research-grade spectrometers similar to the one operated at OHP, e.g. like during the CINDI campaign (Roscoe et al., 2010) .
Previous studies (e.g. Hendrick et al., 2014; Franco et al., 2015) have shown that the typical error on MAX-DOAS retrieved VCDs is around 20 %, including uncertainties related to the optimal estimation method, trace gas cross sections and aerosol retrievals, and can be higher for sites with low trace gas concentrations like OHP or due to instrumental 20 conditions. Moreover, the uncertainty of the retrieval is increased in cloudy conditions. For Uccle, information on cloud conditions was retrieved according to the method by Gielen et al. (2014) present at both zenith and horizon viewing directions, NO 2 within and above the clouds is shielded from the MAX-DOAS view whereas the sensitivity is slightly increased below the cloud, (2) if a cloud is present at the zenith/non-zenith viewing direction only, the sensitivity is reduced/enhanced at the height of the cloud and slightly enhanced/reduced below the cloud compared 30 to the cloud free case. The impact of clouds on MAX-DOAS retrievals is described in detail by Vlemmix et al. (2015) . In addition to the direct effect of clouds on the measurements, clouds also affect photolysis rates and hence NOx chemistry and NO to NO 2 partitioning, which may have an impact on tropospheric NO 2 columns and profiles retrieved under cloudy weather conditions. The influence of clouds on comparison results is hence complex and regarded as a topic for future studies.
Wind measurements
In order to investigate the ability of the models to reproduce transport of NO 2 towards the stations, the MAX-DOAS data described above is complemented by meteorological in-situ station data of wind speed and wind direction. Wind data for Bremen was provided by the German Weather Service/ Deutscher Wetterdienst through their website at http://www.dwd.de.
The weather station in Bremen is located at the main airport, approximately 9 km southwards of the MAX-DOAS station.
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This may result in some differences to the actual wind direction and wind speed at time and location of the MAX-DOAS retrievals. Wind data for OHP was taken from the weather station at the observatory and downloaded from the corresponding website at http://pc-meteo.obs-hp.fr/intervalle.php. Wind speed and direction measurements at Uccle are performed using a commercial rugged wind sensor from Young (model 05103) and were provided by BIRA-IASB through their webpage at http://uvindex.aeronomie.be. For De Bilt, wind measurements (within 300 m from the MAX-DOAS instrument) carried out by 10 KNMI were downloaded from https://www.knmi.nl/nederland-nu/klimatologie/uurgegevens.
Methodology for regional model evaluation
The sensitivity of MAX-DOAS retrievals is largest in the boundary layer, which needs to be taken into account when comparing MAX-DOAS retrievals to model simulated values. This is achieved here, by applying column averaging kernels (AVKs) to the model data prior to comparison. The AVKs are part of the MAX-DOAS profiling output and represent the sensitivity of the 15 retrieved column to the amount of NO 2 at different altitudes. Note that no profile data is available for De Bilt and AVKs were derived based on (box-)differential AMFs at that station (see Section 2.2).
In this study, model VCDs are derived by two different methods in order to test the influence of AVKs on the data analysis.
Non AVK-weighted model VCDs are calculated by simply summing up NO 2 partial columns (VCD i ) over all N model levels in the vertical:
In addition, model VCDs are calculated by applying column AVKs of the retrievals to model NO 2 partial columns before summing up NO 2 partial columns in the vertical. The following data processing steps were carried out prior to the application of column AVKs:
(1) Conversion of provided model NO 2 partial columns [molec cm
−2 ] to concentrations [molec cm −3 ] using model layer 25 thicknesses.
(2) Deriving model concentrations on measurement altitudes assuming that model concentrations are constant within a specific model layer. If a measurement layer overlaps with more than one model layer, the result is a weighted mean over the model layer concentrations. If the highest measurement altitude is above the model top, the concentration at the model top level is used. It is assumed here that the latter has no significant impact on the data analysis, as NO 2 concentrations are in general 30 small towards higher elevation levels compared to lower levels.
(3) Conversion of derived NO 2 concentrations on measurement altitudes to partial columns [molec cm −2 ] using observation layer thicknesses.
AVK-weighted model VCDs were then calculated using the following equation:
where Nobs is the number of measurement altitudes.
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Note that non AVK-weighted and AVK-weighted model VCDs are based on the model output at original vertical resolution.
VCDs are calculated separately for each model and constitute the basis for calculating ensemble mean values which are described at the end of this Section.
Only those model values closest to the measurement time are used below. As the model output is given in hourly time steps, the maximum possible time difference between measurements and simulations is 30 minutes. 
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While the calculation of an ensemble median is a common approach to reduce individual model outliers, it is mainly used here for the sake of simplicity and presentation purposes, allowing easier overall evaluation of how the models compare to MAX-DOAS retrievals. The model ensemble is based on five of the seven models (though with partly different set-ups) which constitute the CAMS regional model ensemble (http://www.regional.atmosphere.copernicus.eu/) for which Marécal et al. (2015) have shown that at least for ozone, the ensemble median performs on average best in terms of statistical indicators 25 compared to the seven individual models and that the ensemble is also robust against reducing the ensemble size by one member. Statistical indicators for NO 2 (see Table 3 to 5) show that the ensemble median of the present study performs best in terms of overall correlation to individual MAX-DOAS measurements at each station. Compared to individual models for other statistical indicators and also comparisons for seasonal, diurnal and weekly cycles, reasonable results are achieved by the ensemble median.
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As the typical error on MAX-DOAS retrieved VCDs is around 20 %, but can be higher for sites with low trace gas concentrations like OHP or due to instrumental conditions (see Section 2.2), a conservative overall uncertainty of MAX-DOAS retrievals of 30 % is assumed for all stations within this manuscript and given along with the data plots, where appropriate.
Data products with more detailed uncertainty information are currently in development for example in the framework of the FRM4DOAS project (http://frm4doas.aeronomie.be/), and once available, this data and related uncertainty information should be used in future comparison studies. (2014) compared regional model simulations with differing horizontal resolution and found that an increase in resolution leads to a better agreement with NO 2 in-situ data. However, as described in Section 1, MAX-DOAS observations are closer to regional model output in horizontal resolution than in-situ data. As expected, the magnitude of NO 2 VCDs is lowest at the rural station OHP, which is sometimes affected by near by pollution plumes that show up in the time series. Further investigation shows,
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that most of these peaks are associated with north-easterly wind directions and hence pollution sources to the north-east of the station such as the Po valley (Italy). At OHP, retrieved tropospheric NO 2 columns are generally a bit higher than simulated ones. At least for the summer period, this is in agreement with Huijnen et al. (2010) who showed that the GEMS regional model ensemble median underestimates background values of tropospheric NO 2 columns compared to OMI satellite retrievals.
Note that we carried out a similar comparison to OMI for the model runs of the present study, which showed similar results as VCDs described in the previous paragraph arise for surface partial columns when comparing model ensemble to MAX-DOAS data. The negative bias found for OHP for troposperic NO 2 VCDs is not present when looking at the surface partial column time series for this station (see also Table 3 and Table 4 where most models are negatively biased at OHP for tropospheric columns but not for surface partial columns), indicating that NO 2 lifted above the ground level is underestimated compared to MAX-DOAS, pointing at uncertainties related to the transport of pollution and/or chemical conversion during transport.
Although there are larger differences between simulations and retrievals especially for individual pollution plumes, Figure 4 shows that frequency distributions of tropospheric NO 2 VCDs are similar for ensemble simulations and observations. However, investigated. This result also shows up throughout different seasons.
As the sensitivity of MAX-DOAS retrievals is largest in the boundary layer, a feature which is independent of the retrieval method, we initially expected the application of column AVKs from the measurements to model simulations to be of crucial for this is that (as shown by Figure 5 and Figure A1 ), AVKs are close to 1 around the boundary layer where MAX-DOAS instruments have the highest sensitivity (generally a bit larger than one close to the surface and smaller than one higher up which has a balancing effect) and that the vertical shape of the column AVK curve is in principal agreement with the shape of simulated NO 2 partial columns. At altitudes above roughly 1 km, AVKs are on average for some stations significantly smaller than one, but simulated NO 2 partial columns are also significantly smaller at these altitudes compared to lower levels, so that 30 the contribution to the tropospheric column is limited. At higher altitudes, MAX-DOAS retrievals tend to follow the a-priori, while retrievals in the boundary layer are not much influenced by the a-priori in general. This is in contrast to the situation for satellite observations of tropospheric NO 2 , which usually have a minimum of the AVK in the boundary layer, i.e. where the largest fraction of NO 2 is usually located in polluted situations. A-priori profiles used within the MAX-DOAS retrievals (see Section 2.2) are in principal agreement with the ones simulated by the models. The vertical weighting caused by application of AVKs to partial columns does therefore not significantly impact on derived tropospheric NO 2 VCDs. where influence from pollution sources is expected (i.e. Ruhr area to the south-east of De Bilt, the Bremen city centre to the south-west of the Bremen MAX-DOAS, Brussels city centre to the north-east of Uccle, the Po valley to the north-east of OHP, see Section 2.2). As for the time series comparisons described above, differences between observations and model results could be related to model uncertainties in simulating transport of pollution towards the measurement stations and chemistry.
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Uncertainties in anthropogenic emissions and background NO 2 VCDs may add up to differences between models and MAX-DOAS for wind directional distributions.
Comparisons for seasonal cycles (i.e. monthly averages) of tropospheric NO 2 VCDs are given in Figure 8 together with corresponding statistical values in The former would be in agreement with Petetin et al. (2015) , who found that anthropogenic NOx emissions from the TNO whereas for summer a strong underestimation was found, while comparisons to Dutch surface observations showed that this 20 could be partly attributed to a high bias of satellite retrievals in summer at least over the Netherlands. In the present study, the spread between individual models is quite large for OHP indicating that some of the models perform better than others.
Looking at the spread between individual models also shows that seasonal cycles are generally more pronounced compared to the other model runs and retrievals for LOTOS-EUROS and MOCAGE. Especially LOTOS-EUROS largely overestimates the observed seasonal cycle at OHP. Low to moderate correlations in seasonal cycles are found for De Bilt, followed by moderate 25 ones for Bremen. All models perform well in terms of correlation at Uccle and OHP (values around 0.8). Figure 9 shows comparisons of diurnal cycles for the whole time series. Overall, the model ensemble fails to reproduce diurnal cycles for all stations, reflected by generally low correlations (Table 5 ) for all models at De Bilt, Bremen and OHP. All models show negative correlations at De Bilt, while some of the models only reach negative correlations at Bremen as well.
MAX-DOAS retrieved values increase from the morning towards the afternoon, while simulated values in general decrease
30 from the morning towards the afternoon. At Uccle however, high or at least moderate correlations are achieved. CHIMERE performs best in terms of correlation at Uccle and OHP (0.92 and 0.6, respectively). For this model, diurnal scaling factors of traffic emissions have been developed by analyzing measurements of NO 2 in European countries Marécal et al., 2015) . Although most of the model values fall within the estimated uncertainty interval of MAX-DOAS retrievals, the shape of diurnal cycles differs between observations and simulations. The ensemble shows a strong peak during the morning rush hour 35 around 8 am for Bremen, which is not confirmed by MAX-DOAS retrievals. In contrast to this, measurements show a maximum around 2 pm in the afternoon which coincides with a very weak local maximum simulated by the model ensemble. Looking at diurnal cycles for different seasons shown in Figure A4 and A5 reveals that these are in general much better reproduced for spring and summer compared to autumn and winter for all stations. This is in agreement with results for seasonal cycles described in the previous paragraph. Weak morning rush hour peaks are also simulated for the rural station OHP, which is not in 5 agreement with the measurements. The morning rush hour peaks for Bremen and OHP occur for all models with the exception of SILAM for OHP, which however strongly overestimates values (by a factor of 1.5 to 2 for diurnal cycle values averaged over the whole time series) for this station, resulting in a bias of 1.3 x 10 15 molec cm −2 (see Table 5 ). The peak at 8 am for Bremen is most pronounced for EMEP-MACCEVA, MOCAGE and LOTOS-EUROS. Individual model runs show the same shape of the diurnal cycle for Bremen, while the shape of diurnal cycles differs for OHP. Moreover, large differences regarding the for weekends compared to diurnal cycles for the whole week (and hence weekdays only). This is in contrast to model simulated 30 diurnal cycles, which do not change much going from cycles for the whole week to cycles for weekends only, apart from a general decrease in values towards weekends for both retrieved and simulated tropospheric NO 2 VCDs. As expected, MAX-DOAS retrieved diurnal cycles are rather flat for weekends only at the urban stations, as emissions from traffic and industry are reduced during weekends compared to weekdays (e.g. Elkus et al., 1977; Beirle et al., 2003; Ialongo et al., 2016) . As the shape of simulated diurnal cycles is similar for weekdays versus weekend, the difference between retrieved and simulated 35 trends in tropospheric columns from morning to afternoon hours is reduced for weekends only resulting in significantly higher and positive correlations for diurnal cycles during weekends compared to weekdays for the ensemble at these stations (see Table 5 ). At Uccle, correlations are equally high (about 80 %) for weekdays and weekends, which is due to the fact that the shape of retrieved diurnal cycles is also similar. Correlations are also significantly higher for the background station OHP for weekends for the ensemble, mainly due to a better agreement in the development from the afternoon towards the evening during 5 weekends. However, visually/by eye, the agreement between simulations and retrievals is similar for weekdays and weekends for this station. The results described above show that models fail to reproduce observed changes in diurnal cycles towards the weekend at urban stations, indicating that different diurnal scalings should be applied to emissions for weekdays and weekends.
It should be tested in future simulations if switching off diurnal scalings during weekends leads to an improvement in model performance compared to MAX-DOAS.
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Weekly cycle comparisons are presented in Figure 11 (see Figures A6 and A7 for different seasons) . In contrast to diurnal cycles, weekly cycles and their seasonal variation measured by MAX-DOAS are much better simulated, reflected by high correlations ( men. This is in agreement with Vlemmix et al. (2015) who also found an underestimation of the weekly cycle when comparing
LOTOS-EUROS simulations to MAX-DOAS retrievals for De Bilt. As expected, only a very weak weekly cycle is observed
by MAX-DOAS and simulated by the models for the rural station OHP. Note that maxima of weekly cycles for specific days may just be coincidence due to data sampling times. Beirle et al. (2003) investigated weekly cycles of tropospheric NO 2 based on GOME satellite observations and found a decrease in values of up to about 50 % towards Sundays over polluted regions and 20 cities in Europe. This is in principal agreement with results of the present study, although the choice of the cities is different.
Comparing Table 3 and 5 shows, that the overall correlations reached at all stations are mainly driven by seasonal and weekly cycles, while significantly lower and in many cases negative correlations are found for diurnal cycles which decreases overall
correlations. An exception for the latter is Uccle, where good correlations are also found for diurnal cycles.
Summary and conclusions
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In this study, comparisons between NO 2 columns simulated by five regional models and retrieved from MAX-DOAS measurements for four European MAX-DOAS stations have been presented. The reasons for differences between model results and observations found by the comparisons are discussed here in a general sense and need to be further investigated by carrying out additional dedicated model runs in future modelling studies. In general, differences between simulated and retrieved tropospheric NO 2 VCDs as well as surface partial columns found in this study could result from model uncertainties in chemistry and 30 meteorology or a combination of both. Moreover, errors related to NOx emission inventories or uncertainties in tropospheric MAX-DOAS retrievals may also contribute to differences between simulated and retrieved values found in this study.
Our analysis shows that in general and on average the model ensemble does well represent tropospheric NO 2 amounts observed by MAX-DOAS. However, many points to evaluate arise from the MAX-DOAS based comparisons. Tracking down the reasons for differences between simulations and retrievals and adjusting model runs accordingly (in case of differences caused by errors in simulations rather than uncertainties of the retrievals) could improve model performance substantially.
Moderate correlations around 60 % are found for tropospheric NO 2 VCDs at each station for the ensemble. Time series and measurements. This indicates that transport of pollution towards the stations is, on average, well represented by the models.
Comparisons of vertical profiles show that the main source of the scatter between measurements and simulations is not due to incorrect representation of the vertical NO 2 distribution. Hence, there are no large differences between comparisons which do not make use of column AVKs for calculating model VCDs and those based on more accurate column AVK-weighted values.
The latter result was not expected as the sensitivity of the MAX-DOAS profile retrievals is much larger close to the surface basis are at least more appropriate than hourly ones. However, the models generally underestimate the decrease in tropospheric NO 2 VCDs towards the weekend. This decrease was reproduced much better by SILAM compared to the other models. The comparisons to MAX-DOAS also showed that this model overestimates values at the background station OHP, in agreement with a study by Vira and Sofiev (2015) who related this to an overestimation of the lifetime of NO 2 .
In addition to the MAX-DOAS comparisons shown in the present study, we also carried out a comparison between the regional models and OMI (Levelt et al., 2006) satellite retrievals looking at maps of monthly means for a winter and summer month (February and August 2011, respectively) falling into the time period investigated by the present study. We found similar results as Huijnen et al. (2010) which are therefore not shown here, i.e. an underestimation of tropospheric NO 2 columns over background regions during summer (in agreement with the general underestimation of means over summer months compared 5 to MAX-DOAS shown by seasonal cycles for OHP for all models except SILAM) and a generally better agreement between satellite retrievals and models over pollution hotspots around Benelux countries, an underestimation however of values over large parts of Germany and over the Po valley in many of the model runs. Some of the models also overestimated values to the south and south-east of OHP (roughly between Marseille and Genua along the southern coast of France) compared to OMI.
However, due to the generally short lifetime of NO 2 , to properly relate uncertainties in the simulations over emission hotspots is not provided by the satellite data (only one OMI orbit per day over the stations).
Our evaluation demonstrates that the large number of measurements available from the current MAX-DOAS network constitutes a useful data source for investigating the performance of regional models. In contrast to other measurements usually 15 applied for evaluation of regional models, MAX-DOAS data are available with comparatively high resolution in time. Furthermore, MAX-DOAS retrievals are representative of a larger volume of air and are therefore much better suited for regional model evaluation than in-situ data.
The horizontal grid spacing (Table 1 ) differs for the 6 model runs evaluated in the present study, with a resolution of approximately 9x7 km 2 for the highest resolution run (LOTOS-EUROS) and 50x50 km 2 for the coarsest one (EMEP). The
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resolution of the remaining model runs is approximately 20x20 km 2 . As described in Section 2.2, the horizontal averaging volume of MAX-DOAS retrievals strongly depends on aerosol loading, viewing direction and wavelength .
As a rough estimate, it ranges from 5 to 10 km for the stations used in the present study. Therefore, the horizontal averaging volume is (apart from the coarsest resolution run) expected to be either on the same spatial scale as the horizontal model resolution or by a factor of 1 to 4 smaller. From the latter (i.e. horizontal averaging volume of MAX-DOAS smaller than model A pollution plume and related increase in the time series of tropospheric NO 2 VCDs observed by MAX-DOAS would be expected to be reproduced better by model runs with higher horizontal resolution compared to lower resolution runs. The lifetime of NO 2 is also expected to increase with model resolution. However, in the present study, the LOTOS-EUROS run with significantly higher horizontal resolution than the other runs in general did not perform better than lower resolution runs which can probably be explained by its low number of vertical layers. Similarly, the EMEP run with significantly lower horizontal 5 resolution did not perform worse than higher resolution runs, which shows that other differences between the models such as chemistry schemes and treatment of emissions strongly impact on comparison results. It would be interesting to investigate the ability of the models to predict the scales of NO 2 spatial variations derived from time scales of NO 2 variations and wind speeds in the context of model resolution in a future study. Moreover, one could investigate the ability of the models to distribute NO 2 in the vertical in terms of characteristic layer height of NO 2 , which is (in addition to other factors like vertical distribution of 10 emissions or boundary layer schemes) expected to be affected by vertical resolution of the models.
Comparison results of this study could be compared and complemented by further data sources where possible. Future investigations of regional model performance may also include application of stricter quality filters on the MAX-DOAS data to reduce the impact of retrieval uncertainty. As the discussion here is based on results of five regional models used within CAMS for four European stations, similar comparisons to other regional models or other model set-ups as well as for more MAX- layer physics (uncertainties of NO 2 profiles due to mixing of emissions in the boundary layer and transport therein). Especially LOTOS-EUROS and MOCAGE showed large differences to the MAX-DOAS retrieved seasonal and diurnal cycles for Bremen and De Bilt and also EMEP-MACCEVA for Bremen, so that the impact of different set-ups in emissions and chemistry is expected to be more pronounced compared to the other models at these stations. We are also gratefull to people behind the wind in-situ data at Uccle and OHP for providing these measurements through the webpages 45 Figure A5 . As in Figure A4 but for (left) Uccle and (right) OHP.
46 Figure A6 . As in Figure A4 but for weekly cycles (averages over daily bins devided by mean over whole week, unitless values) of tropospheric NO2 VCDs.
